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FOREWORD

The physics of the Higgs boson and especially the search for
this elusive particle have been the inspiration and motivation
of research for scientists for decades now. Its central part in the
context of the origin of mass has given rise to a public interest in
its discovery not only since Leon Lederman referred to the Higgs
boson as the God Particle in 1993.

In recent years, physicists have finally come close to the experi-
mental possibility of discovering this last missing building block
of matter in the Standard Model of particle physics. With the
mass of the Higgs boson being theoretically unknown, a search
is generally a difficult task. Indirect limits from electroweak pre-
cision measurements suggest that a light Higgs boson around
120 GeV is favored. Direct searches at the LEP experiment were
able to set a lower limit on the mass of the Higgs boson, yet
unsuccessful in proving its existence, at 114.4 GeV at 95% confi-
dence level (CL). The Tevatron accelerator at Fermilab with its
two detector experiments CDF and DO approaches an amount of
collected data that could allow to reach sensitivity for observing
the Higgs boson over a broad range of potential mass points. In
2008 physicists from both experiments were able to exclude the
region of 162-166 GeV at 95% CL as a Higgs boson mass for the
first time since the LEP exclusion in 2001. Combining direct and
indirect constraints on the Higgs boson mass yields a region of
114.4-186 GeV as the preferred region for a Higgs boson in the
Standard Model.

Even if the mass of the Higgs boson is not predictable from the-
ory, it is however closely linked to the fate of the Standard Model.
There are two possible scenarios: The Higgs boson mass could
predict the Standard Model to be a theory only valid in describing
phenomena at the electroweak energy scale, giving rise to a vast
amount of theories for physics beyond the Standard Model, such
as Grand Unified Theories. It could, on the other hand, prove the
Standard Model to be valid up to highest energy scales such as
the Planck scale, therefore giving rise to theories of cosmological
inflation that could use the Higgs boson as an explanation for
the earliest stages in the expansion of our Universe. However, the
minimally coupled Higgs boson of the Standard Model cannot be
the particle responsible for cosmological inflation. But we are free
to investigate how to couple the Higgs boson to gravity. It has
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been shown recently that a non-minimally coupled Higgs boson
gives rise to a physically well motivated scenario of cosmological
inflation.

This present work will give an insight into both of the above
mentioned aspects of Higgs boson physics, a direct search in one
of the most favored channels at low mass, namely the associated
production with a W boson, and a study on theoretical implications
on the validity of the Standard Model at highest energy scales
and the link to models of cosmological inflation.

To be pedagogical in the description of this work and to give the
reader the most logical approach to the topic, this dissertation is
divided into three parts:

I Taeory The first part will, in its first chapter, describe
the theoretical basics of the Standard Model and the mech-
anism that gives rise to the existence of the Higgs boson.
Following, the theoretical basis for Higgs searches at the
Tevatron will be laid out, especially for the search presented
in the second part of this work. In the second chapter, the
dependence of the validity of the Standard Model on the
Higgs mass will be evaluated. Implications on models of
cosmological inflation using the Higgs boson to explain
the evolution of the very early Universe will be studied in
conclusion of this part.

IT ExpERIMENT The second part which represents the main
part of this dissertation will describe the direct search for a
low mass Higgs boson in associated production with a W
boson. It will start by describing the general environment
of the search, namely the DO experiment at Fermilab, and
continue by explaining how we get from proton-antiproton
collisions to well described physics variables that finally
will allow us, in the absence of a signal excess, to constrain
limits on the Higgs boson production cross section on a
dataset of 5.3 fb~ ! of integrated luminosity.

III ConcrusioN anD OutLook This final part will summa-
rize the work presented in this dissertation and put it into
context of the research in this field in the years to come.
Furthermore, the combination of results across Tevatron
experiments and the recently started operation of the LHC
at CERN will be presented.

Results of this dissertation have been included in work recently
published in a conference note as a preliminary result based on
a subset of the analyzed data [1] and soon to be submitted to
Physics Letters B [2]. This work also contributed to the recent
Tevatron Higgs exclusion [3].
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THEORY






THE STANDARD MODEL OF PARTICLE
PHYSICS

1.1 INTRODUCTION

Describing the constituents of matter and their interactions has
been a goal of humankind for centuries. Already in the sixth
century BC the first ideas about the smallest units forming larger
structures arose in India [4]. Around 450 BC Democritus coined
the term "atom’ [5] which is still in use today. It was not until
1967, leaving out many major milestones of discovery in nuclear
and particle physics of course, that our understanding of how to
describe elementary particles drastically improved. Combining
electromagnetic and weak interaction incorporating the Higgs
mechanism, the Standard Model of particle physics (SM) was
born. Until today, it is able to describe experimental phenom-
ena in the world of the small and elusive elementary particles
that modern experiments are now able to identify and measure®.
We will explain the Standard Model in all necessary detail to
understand its significance and the significance of the work pre-
sented in this thesis for the field of modern particle physics. This
chapter will introduce the elementary particles and their interac-
tions described by the SM. Following, the necessity of the Higgs
mechanism in the context of electroweak symmetry breaking and
the creation of mass will be outlaid. The chapter concludes with
an overview over Higgs searches, in particular at the Tevatron
collider.

1.2 ELEMENTARY PARTICLES

As mentioned before, the SM describes the elementary particles
and their interactions. Before going into detail on the interactions
(see Sec. 1.3) we will first line out the elementary particles and
their structure. The constituents of matter can be grouped in two
big families, fermions and bosons obeying different statistical
laws. Bosons are particles with an integer spin number and are
often associated with quantum fields that are responsible for
particle interactions. Bosons obey the Bose-Einstein statistics. The
boson family consists of elementary bosons which are the carriers
of the fundamental forces (see Table 1) and composite bosons

We disregard flaws of the Standard Model in explaining e.g. neutrino masses
and other hints of new phenomena beyond the Standard Model.
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which are any kind of particles with integer spin, e.g. pions
(consisting of a quark and an anti-quark).

Force ‘ Electromagnetic ‘ Weak ‘ Strong ‘ Gravity

Boson ‘ 2% ‘ Wt wW-,Z ‘ gluon ‘ graviton

Table 1: The elementary bosons - carriers of the forces.

Fermions are particles with a half integer spin number. They
are the constituents of known matter in the Universe. Fermions
obey the Fermi-Dirac statistics and the Pauli exclusion principle
which states that two fermions can never be in the same quantum
physical state, i.e. do never have the same quantum numbers.
Fermions are divided into two main families, leptons and quarks,
both divided into three generations. The lepton family consists
of electrons e, muons p and tauons T which all carry an elec-
tric charge —1. They all have corresponding neutrinos v which
are massless® and free of charge. The quarks also split up into
three generations (up, down), (charm, strange) and (top, bottom)
which carry electric charges of (2/3, -1/3). Table 2 sums up some
important quantum numbers for the leptons and quarks of the
three generations.

1. Gen | 2. Gen | 3. Gen Q B |L

Leptons e U8 T -1 o |1

Ve ' Ve o) 0 1

Quarks up charm top 2/3 | 1/3| 0

down | strange | bottom || -1/3 | 1/3 | 0

Table 2: The three fermion generations. All these elementary fermions
have spin 1/2, electric charge Q, baryon number B and lepton
number L.

All particles whether elementary or composite have antiparti-
cles. That is, particles with identical properties but opposite sign
of their quantum numbers and electric charge.

1.3 FUNDAMENTAL FORCES

Interaction among elementary particles can be classified into one
of four fundamental forces: the electromagnetic force, the weak
force, the strong force and gravity.

In the theory of the SM neutrinos are massless, yet there is evidence that
neutrinos do have a mass [6]. For the purpose of this work neutrinos can be
assumed to be massless.



1.3 FUNDAMENTAL FORCES

1.3.1 Electromagnetic Force

The electromagnetic force is the force responsible for all electro-
magnetic processes, its mediator is the photon. The symmetry
group describing this interaction is U(1), the coupling strength
is described by the electromagnetic coupling constant « ~ 1/137.
As the force mediating photons travel with the speed of light and
do not decay, its range is oco.

1.3.2  Weak Force

The weak force is responsible for nuclear processes like the 3
decay, its mediators are the massive gauge bosons W=, Z. The
symmetry group for this interaction is SU(2), the typical field
strength is about a factor of 10711 of that of the electromagnetic
force and 1073 of the typical field strength of the strong force.
The typical range is of the order 10~3 fm. The coupling constant
g of the weak interaction is defined by the equation

Gr 92

\ﬁ = 8M%,V (1.1)
where Myy is the mass of the W boson and Gr = 1.16637 - 107>
GeV~2 is the Fermi constant. The weak force is the only inter-
action that can change flavor (the different elementary fermion
generations are called flavors, so changing an e into a u or an (up,
down) into a (charm, strange) doublet would be a flavor changing
process). Weak interactions can also violate parity symmetry P as
well as charge conjugation parity symmetry CP [7].
The electromagnetic and weak interaction can be unified in the
electroweak theory (see Sec. 1.4).

1.3.3 Strong Force

The strong force is responsible for two kinds of phenomena. In-
teractions between quarks mediated via gluons, and the binding
force between protons and neutrons inside of nuclei. The latter is,
however, a "long distance” residual of the first case. The symmetry
group of the strong force is SU(3), its coupling strength is of O(1),
thus the name strong force, compared to the other fundamental
forces. The typical range of this force is of the order 1.5fm. The
remarkable thing about the strong force is that it does not fade
with distance but instead becomes stronger. As a consequence,
quarks are "confined". They can never exist separately. As they
move apart the strong force becomes stronger with distance. If
their kinetic energy becomes large enough to separate them, a
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Figure 1: Confinement of Quarks: Two quarks move away from each
other. The strong force binding them together increases with
distance, illustrated by the strings in between them. If their
kinetic energy is, however, large enough to separate them, a
new quark and antiquark pair is created from the vacuum.

quark and an anti-quark pair are created from the vacuum. See
Fig. 1 for an illustration of this fact.

1.3.3.1  Quark colors

The theory of quarks and their interactions is fully described in
Quantum Chromodynamics (QCD) (see e.g. [8] for an introduc-
tion to QCD). The fact that quarks are never observed separately
and only in pairs of two or three quarks (due to the confinement),
forming hadrons, leads to a new quantum number. The corre-
sponding concept is called "color” charge of the quarks. There are
three colors (arbitrarily chosen as red, green and blue) and their
corresponding anticolors. In Nature, only color neutral objects
appear. That is, objects formed by red, green and blue (which by
definition equals neutral) or objects made of a certain color and
its anticolor. Gluons, the mediators of the quark interactions are
two-colored objects.
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1.3.3.2 Quark mixing, the CKM Matrix

To conserve the universality of the weak interaction, Nicola
Cabibbo introduced a concept that later led to the Cabibbo-
Kobayashi-Maskawa matrix. This matrix describes the probability
of a certain quark to decay into another. Mathematically, it con-
nects a vector of down-like quark mass eigenstates to a vector of
the down-like interaction partners of the up-like quarks:

|d/> |Vud‘ |Vu5| |Vub| |d>
|S,> = [Veal [Vesl [Vel |5> (1.2)
b’) IVial  [Vis| Vol b)

The most recent values for the matrix elements of the CKM matrix
can be found from the particle data group [9]:

0.97419 +£0.00022  0.2257 £0.0010  0.00359 £ 0.00016

Vs = 0.2256 +0.0010 0.97334 4 0.00023 0.0415+8:9910
0.00026 0.000044
0.00874799992¢  0,0407 +0.0010  0.99913375:999044
(1.3)

The CKM matrix in general has a complex phase e'®> where &
is the Kobayashi-Maskawa phase [10] which is responsible for
all CP violating phenomena in flavor changing processes in the
Standard Model [9]. CP violation was Kobayashi’s and Maskawa’s
initial motivation for an expansion of the original 2 x 2 Cabbibo
matrix.

1.3.4 Gravity

General relativity is the fundamental theory of gravity. There
is, however, no fundamental theory of quantum gravity yet
and it is in particular not described by the Standard Model.
The range of this force is co and it is weaker than the other
forces (Fc (H-Atom)/Fg(H-Atom) = e flz > 1 with F¢ the
Coulomb force coming from the electroweak force, Fg the gravita-
tional force, e the elementary charge, Gn = 6.67 - 10~ m3kg_] s—2
the gravitational constant, m;, and m. the mass of the proton and
electron, respectively). We will add further details in the relevant
places in later chapters as gravity becomes important again at the
Planck scale.

1.4 ELECTROWEAK THEORY AND SPONTANEOUS SYMMETRY
BREAKING

In 1979 the work of Abdus Salam, Sheldon Glashow and Steven
Weinberg was rewarded with the Nobel Prize in Physics "for
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their contributions to the theory of the unified weak and elec-
tromagnetic interaction between elementary particles" [11]. They
founded a theory which unifies the electromagnetic and weak in-
teractions into one theoretical description called the electroweak
interaction. Experimentally, the existence of the electroweak force
was established by the discovery of neutral currents in neutrino
scattering and the discovery of the W and Z bosons (by the UA1
and UA2 experiments at CERN in 1983). According to the sym-
metry groups of the two interactions, the new symmetry group
of the combined interaction is SU(2); x U(1)y. The gauge bosons
of this group are the photon and the W and Z bosons. The index
L indicates that only left-handed fermions interact weakly. Y de-
notes the weak hypercharge defined as Y = 2(Q — T3) where Q
is the electric charge and T3 is the third component of the weak
isospin. T3 is a conserved quantum number within the weak
interaction. The Lagrangian describing the interactions of the
fermions and the bosons has the following form

1 1

Lew == 3G -Gy — 7Py
+ ) Wiy"D Y (1.4)
k

G+ denotes the field tensor

GHV - aHW\/ - aVWu + 19 [Wu/ W‘V] (15)

with W, = %W}U WL being an isotriplet of gauge fields and %l
being the generators of the weak symmetry group SU(2), where
t' denotes the Pauli matrices. The dot product denotes a scalar
product in SU(2) space. The field tensor F,, = 9,,By —0.By
where B, is the vector field associated with the U(1) hypercharge
Y.

Yy is the fermion spinor given by the doublets

Yy = ( Vil ) or ( kL ) (1.6)
exL di

in SU(2) space for the left handed fields of the kth fermionic
family of leptons and quarks and by the SU(2) singlets

Yy =exr or qgr (1.7)

for the right handed partners. Here, the index k denotes (ve, e),
(Vu, ) and (v, 1) in the case of leptons and (u,d’), (c,s") and
(tb’) in the case of quarks.
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Interactions between fermions and gauge bosons are defined by
the covariant derivatives

Tt

Du\yk = <au+1g >

_—
W+ lglzkau) L2 (1.8)
with yi being the hypercharge of Wy. g is the coupling strength
of the weak isotriplet gauge field W}, to the fermion spinor, g’ is
the coupling strength of the vector field B, to the fermion spinor.

The following equations identify the terms in the Lagrangian
of Eq. 1.4, W\and B, with the gauge bosons, W+ and Z,,, and
the photon field A ;:

1
+ 1 2
Wi = 2 (Wu W) (1.9)
Z,, = —sinOwB + cos BWWE'L (1.10)
Ay = cosOwBy +sin OWWfl (1.11)

where Oy = g/+/g? + g’? is the Weinberg angle which is a mea-
sure for the mixing of the Wh and B, terms.

So far, the electroweak Lagrangian correctly describes the inter-
actions between the fermions and between fermions and gauge
bosons. However, this Lagrangian can only describe massless
particles which is not what we observe in Nature.

1.4.1  The Higgs mechanism

To solve the problem of theoretically massless bosons and fermions,
the Higgs mechanism offers a gauge invariant way of introducing
the concept of mass to such "massless" theory. Adding a simple
mass term like m%,VW:ﬂW“ would violate gauge invariance, so
we need instead to introduce an additional SU(2) doublet

+
¢ = ( ‘(11’)0 > (1.12)

where ¢ and $° are complex fields defined by their real com-
ponents ¢1, ..., Ps:

+ _ ¢1 +1id2

¢" = 7 (1.13)
o G3+ida

q) - \/Z . (1'14)

The corresponding Lagrangian has the form
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L¢ = (Do) (D) — V() (1.15)
with V(¢) the potential of the field defined as

2
V(9) = 12To A (o10) (1.16)

This potential has a minimum for u? <0 at (1.18)

T+ 3+ 03+ 3

¢l =" " + o™ p° = 5 (1.17)
2 2
= % = % (1.18)

Only because for 1?2 < 0 the potential V(¢) has a minimum at
¢ # 0, a non-zero ground state of the vacuum, spontaneous
symmetry breaking can occur. For u? > 0, V(¢) has its minimum
at ¢ = 0 and no spontaneous symmetry breaking would even
occur, therefore we do not further consider this case as we would
end up where we started, a theory with massless particles.
Looking at Eq. 1.17 we see that the choice of the minimum is not
unique, so we have to choose a direction in SU(2) space, leaving
us with the vacuum ground state ¢y,

1 0
0ty (0)

which corresponds to the choice ¢1 = $p2 = s =0 and $p3 =v.
Looking at Eq. 1.15, the terms from the derivative contain a
contribution proportional to W, W< v2g? which can be identified
with a mass term:

m%/v X 92\)2
4m?2
—~ 2 = ZLZW — 246 GeV (1.20)

The full Lagrangian of the electroweak theory incorporating the
Higgs mechanism has the form [12]:

1 1
Lew == G- Gy — ;F*Fy

2
2 + w P

+ my, W] W (14——)
w¥ v

1 2
+ EmﬁZuZ” (1 + %) (1.21)
+quki}/uDH‘yk+Ly

k

1 1 © 1 /7p\2
—(Q%@)(Qup) —=mi? (1+ =+ (=) ).
#5080 @u0) — o (1424 (£)7)



1.5 QUANTUM CHROMODYNAMICS

myw and mz are the masses of the W and Z bosons, respectively.
@ is the scalar Higgs field and v its vacuum expectation value.
Fuv can now be identified with the electromagnetic field Fy., =
0uAy — 0vA . Ly is the Yukawa term of the Lagrangian that
generates the Fermion masses by coupling to the Higgs field:

Ly =—(ge€rer + gubirKL + grTRTL
+ gadrdr + gsSrSL + gpbrbL
+ guttrur + gelrer + gifrte +he) = (14 2)
JuURUL T gcCRCL T gttIRIL ﬁ v

(1.22)

1.5 QUANTUM CHROMODYNAMICS

The theory of Quantum Chromodynamics (QCD) describes the
strong force, i.e. the dynamics of quarks and gluons, the media-
tors of the strong force. The QCD Lagrangian is of the following
form [13]

1
Lo == ;GHYGY, +1 Z Py H (D) ap WP (1.23)

— Z MY (1.24)
=1

where GSW = —0,AJ0HAY + gQCDfabCAELAi (a=1,...,8) are the
Yang-Mills field strengths and the A} are the gluon fields. ¥;
is the quark field of flavor j. The covariant derivative acting on
the quark color components is defined as (D, )ap = 0xp0p —

ig) .1 7AapA where «, 5 are the color indices and A¢ 5 are the
eight 3 x 3 color matrices, also often referred to as the Gell-Mann
matrices. f,,c are the real structure constants and gocp is the QCD
gauge coupling that sets the strength of the gluon self interaction.

1.6 THE STANDARD MODEL

The Standard Model is the combination of the previously dis-
cussed theories of electroweak and strong interaction. Its La-
grangian has the symmetry group SU(3). x SU(2)1 x U(1)y where
c denotes the color index of QCD, L denotes the fact that only
left-handed fermions participate in the weak interaction and Y
represents the hypercharge. After spontaneous symmetry break-
ing, at energies smaller ~ O(100 GeV) which is the mass scale of
the W and Z bosons, part of this symmetry group is reduced.
SU(2)r x U(1)y becomes U(1)em which is the usual group of
classical QED.
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In total, the SM contains 19 free parameters, which is a main rea-
son for the criticism that the SM cannot be a truly fundamental
theory. One of these parameters is the mass of the Higgs boson,
which is not determined by theory. Proving its existence is a
crucial step in proving the validity of the SM.

Given the vacuum expectation value of the field

1 0
(b) = \ﬁ ( v ) (1.25)

perturbative calculations around the vacuum at ¢ = +v lead to a
space time dependent field fluctuation ¢

1 0
¢_ﬁ<v+<p> (1.26)

which is interpreted as the Higgs boson. The Higgs potential
after symmetry breaking becomes [14]

u 2 2 3, A 4
V() :—4——p ©° +Ave —i—Z(p (1.27)
The tree level mass of the Higgs boson can then be read from the

second term in V

my = vV—2u2 = V2 (1.28)

As A is a free parameter, the mass of the Higgs boson has a priori
no constraints from SM theory.



THE HIGGS BOSON

2.1 CONSTRAINTS ON THE HIGGS BOSON MASS

The hunt for the Higgs boson will be explained in much detail
in the second part of this work (see Chapter 4) discussing the
search in associated production with a W boson in the low mass
region (< 150 GeV). This chapter will give an introduction into
the general framework of making predictions and possibly ex-
clusions of certain mass regions of the Higgs boson. This section
will go over other direct searches previously performed at the
LEP experiment at CERN, summarize indirect constraints from
electroweak precision measurements of other quantities such as
the top quark or the mass of the W boson and conclude with the
theoretical framework of Higgs boson production at the Tevatron
and the reasoning for choosing a specific event topology, and
production and decay channel for the Higgs search presented in
the later chapters of this work.

2.1.1 Direct Searches at LEP

The hunt for the Higgs boson has been an active field of research
for the last twenty years. The Large Electron-Positron Collider
(LEP) at CERN has been searching for direct evidence in electron
positron collisions from 1989 until it was shut down in 2000 to be
replaced by the Large Hadron Collider which just recently started
operating. LEP operated at a final center of mass energy of 209
GeV. The main search channel was the Higgsstrahlung process
ete” — HZ with smaller contributions from WW/ZZ fusion
(efe” — veveH/ete H). These direct Higgs boson searches
performed at LEP could exclude the mass range for the Standard
Model Higgs boson up to a mass of my > 114.4GeV at a CL of

95% (Fig. 2).
2.1.2 Indirect constraints from EW Precision Measurements

There are several ways to get constraints on the Higgs mass
despite the general lack of prediction from theory, the first of
which comes from one-loop electroweak radiative corrections.
The Higgs boson contributes to radiative corrections on the top
quark and W boson masses. Therefore, precision measurements
of electroweak parameters, like the top quark and W boson
masses or the Weinberg angle 0y of the W and Z boson mixing
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Figure 2: Confidence level for the signal plus background hypothesis.
Solid line: observation; dashed line: median background ex-
pectation. The green (dark) and yellow (light) shaded bands
around the median expected line correspond to the 68% and
95% probability bands. The intersection of the horizontal line
for CLs = 0.05 with the observed curve is used to define the
95% confidence level lower bound on the mass of the Standard
Model Higgs boson. [15]
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W-Boson Mass [GeV]

TEVATRON To— 80.420 £ 0.031
LEP2 —. 80.376 + 0.033
Average - 80.399 + 0.023
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mW [GeV] July 2010

Figure 3: Measurements of the W mass at the LEP and Tevatron collider
and their combined average. [16]

can put constraints on the Higgs boson mass. An important
quantity is the electroweak parameter p

2

p= m—\;\/ﬂ —sin?0w) =1+Ar. (2.1)
mz

Expressing A in terms of the top quark, W and Higgs boson
masses yields

_ 3Gr 5 V2Gr_,[11. (m{
r_8nzﬁmt—|— T2 M 3ln > | T +
(2.2)

Mw
and therefore relates m¢, my and mz with my. Experiments
at the LEP and Tevatron colliders have measured the top quark
(Tevatron only) and W and Z boson masses with high precision.
Fig. 3 shows measurements and the combined average for the
W mass, Fig. 4 shows the same plot for the top quark mass,
respectively.

Combining all this information leads to a Ax? fit of the Higgs
boson mass (Fig. 5). The preferred value for the Higgs boson
mass is therefore at 87 GeV (corresponding to the minimum of
the fitting curve), with an uncertainty of +35 GeV and -26 GeV (at
a 68% CL', derived from Ax? = 1 for the black line, not taking

1 See Sec. 7.4 for details on confidence limits.
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Top-Quark Mass [GeV]
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Figure 4: Measurements of the top quark mass at the LEP and Tevatron
collider and their combined average. [16]

into account the theoretical uncertainty shown as a blue band in
the plot). This is not a proof that the SM Higgs boson actually
exists. However, if it exists, it gives an idea for the mass range in
which we expect it.

From precision electroweak measurements alone, we obtain a
single sided upper limit on the Higgs boson mass of my < 157
GeV at 95% CL, derived from Ax? = 2.7 for the blue band in the
plot, when including both the experimental and the theoretical
uncertainties. When the direct exclusion from the LEP experi-
ment (my > 114.4 GeV) is included in the calculation, this limit
increases to my < 186 GeV (the LEP exclusion is represented by
the lower yellow band in Fig.5).

2.1.3 Combining Direct and Indirect Constraints

The information from direct exclusions at LEP and Tevatron and
indirect constraints from electroweak precision measurements
can be combined in a global statistical interpretation of the results,
as presented in [17] using the GFitter package [18]. This combi-
nation yields a preferred Higgs boson mass of my = 119.173°
GeV. The corresponding fit, taking into account theoretical and
experimental uncertainties and the excluded mass regions from
both experiments is shown in Fig. 6. This result favors a low mass

Higgs boson.
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Figure 5: Ax? fit to the Higgs boson mass from electroweak precision
measurements. The blue band represents theoretical uncer-
tainties to the fit. The lower yellow band represents the LEP

exclusion up to a Higgs mass of 114.4 GeV, the yellow band to
the right represents the Tevatron exclusion of Higgs masses

between 162-166 GeV. Both exclusions are made at a 95% CL
[16]
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Figure 6: Ax? fit to the Standard Model Higgs boson mass from elec-
troweak precision measurements using the Gfitter package.
The solid (dashed) lines give the results when including (ig-
noring) theoretical errors. This fit yields a preferred Higgs
boson mass of my = 119.17,3%° GeV. [18]
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Figure 7: Feynman diagram for gluon fusion Higgs boson production.

2.2 HIGGS SEARCHES AT THE TEVATRON

At the Tevatron, protons and antiprotons are brought to collision
at a center of mass energy of 1.96 TeV. For the production of SM
Higgs bosons, this leads to four dominant production channels
and the corresponding Feynman diagrams:

[y

. Gluon—gluon fusion, Fig. 7.
2. Vector boson fusion, Fig. 8.

. Associated production with a W boson, Fig. 9.

(%)

. Associated production with a Z boson, Fig. 9.

N
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Figure 8: Feynman diagram for vector boson fusion Higgs boson pro-
duction.

W/z
W/z

q

Figure 9: Feynman diagram for production of a Higgs boson in associa-
tion with a W boson.

Fig. 10 illustrates the production rates for the different channels
at the Tevatron. Gluon—gluon fusion is the dominant channel over
the whole mass range having however one major drawback that
will become clear once we look at decay channels. The second
best channels for Higgs production at the Tevatron, almost one
order of magnitude smaller, are the associated productions with
a W or a Z boson. These channels are in fact the most prominent
ones for Higgs searches at low mass.

Fig. 11 shows the equivalent plot for decay rates comparing
branching ratios of the SM Higgs boson. In the low mass region
< 140 GeV the Higgs boson dominantly decays into a pair of
b quarks. At high mass 140 < My < 200 GeV the dominant
decay channel is the decay into a pair of W bosons. We know
from the LEP and Tevatron exclusion and indirect constraints
that the Higgs boson is favored to be in the low mass region.
Therefore, we look again at final states containing a pair of b
quarks. Considering now a Higgs boson production via gluon—
gluon fusion (which has a cross section of ~ 1 pb), we see the
emerging problem of backgrounds from direct bb production
which has a production cross section of 10 ub. Therefore, it is
almost impossible to detect a Higgs boson signature in this chan-
nel. Associated production offers the possibility to nonetheless
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SM Higgs production
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Figure 10: Production cross sections for the SM Higgs boson at the
Tevatron. The dominant production channels for SM Higgs
production are gluon-gluon fusion (green), associated pro-
duction with a W/Z boson (red) and vector boson fusion

(cyan). [19]

conduct a Higgs boson search at low mass. The additional signa-
ture of the decaying W or Z boson helps identifying the desired
event topology in the final state and reducing the backgrounds.

With a preferred Higgs mass in the low mass region (as seen
in Sec.2.1.3) and the highest production cross section in the WH
channel, as a channel with manageable background contributions,
the search for a Higgs boson in the WH — {vbb channel is the
most logical choice at a Tevatron experiment. The direct search
in this channel on a dataset of 5.3fb~' will be presented in Ch.7.
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Figure 11: Branching ratios for the SM Higgs boson at the Tevatron.
The dominant decay channel at low mass is the decay into a
pair of b quarks (red) and into a pair of W bosons at high
mass (pink). [20]






IMPLICATIONS OF THE HIGGS BOSON MASS
FOR THE EXTRAPOLATION OF THE
STANDARD MODEL TO HIGHEST ENERGIES
AND FOR COSMOLOGY

To be able to assess the domain of validity of the Standard Model,
it is interesting to test the validity of the Higgs mechanism up to
high energy scales. If we imagine that the SM was actually valid
up to the scale of Grand Unified Theories (GUTs) (O(10'°GeV))
or even the Planck scale (9(10'?)GeV), this would immediately
rise another interesting question. Namely, its direct implications
to the field of GUTs and cosmology. An SM valid up to these
scales could in the first case effectively rule out several theo-
retically developed GUTs, as it could, in the latter case, be the
foundation of theories of inflation using the Higgs as the inflaton
(the particle giving rise to inflation). We will discuss these possi-
ble consequences in more detail in Sec. 3.3.2.

The possibility of making these predictions only arises with the
study of the renormalization group equations (RGEs) of some
fundamental parameters of the Standard Model. This chapter will
start by explaining the meaning of renormalization in general,
then go over the use of RGEs, explain algorithms used to solve
these equations and then present the work performed. We want
to have a look at the quark Yukawa couplings as a measure of
the coupling strength of the Higgs boson to the quarks. This will
be a crucial step in predicting possible consequences arising for
cosmology. For years, text books and articles have been simplify-
ing their calculations with the claim that all other quark Yukawa
couplings are negligible compared to the top quark coupling. We
will show whether this claim holds true, not only using latest
experimental values for the masses of the quarks, but also study-
ing the behavior of the couplings up to high scales and therefore
important for cosmology. Finally, we will look at the validity
of the SM which strongly depends on the Higgs boson mass,
describe different scenarios for the fate of the SM and conclude
with implications for theories of cosmological inflation.

3.1 RENORMALIZATION

When the theory of quantum electrodynamics was developed in
the 1930’s the problem arose that many integrals in the perturba-
tive' calculations were divergent. In Feynman diagrams, closed

1 See e.g. [21] for an introduction to perturbation theory.
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loops can represent virtual particles. To calculate the amplitude
of the loop process, all possible combinations of energy and mo-
mentum traveling around the loop have to be integrated over.
The virtual particles can have almost arbitrarily large momenta.
These cases can also involve ultraviolet (UV) divergences (often
logarithmically divergent). To get rid of these divergences when
integrating up to oo, a cutoff A is introduced into the calculation.
This method is called regularization of the theory. This is a valid
approach as long as it is assured that the scale of the cutoff is
sufficiently large, no symmetries of the theory are violated and
results for physical measurements do not depend on A.

So how do we make the newly introduced cutoff vanish from the
equations of the theory?

This brings us to the term of ‘running couplings’. The coupling
constants which appear in the Lagrangian are often called ‘bare
couplings’. Experiments always measure the sum of the bare
couplings and all contributions from loop interactions. Absorb-
ing large and A dependent corrections to measured quantities
into the couplings is called 'renormalization” of the theory. An
arbitrary scale p is introduced so that couplings only depend on
this scale and (at least for i > m) not on the physical mass of
any particles under study. For this to become a useful approach
we need to know how the running coupling evolves as a function
of the scale p. This leads to the so-called ' functions’ of renor-
malization theory or 'renormalization group equations’ (RGEs)?.
These are essentially derivatives of the renormalized couplings
with respect to p. The 3 functions then allow to get equations at a
physical measurable scale (e.g. 1 = mz where my is the mass of
the Z boson, a typical energy scale for accelerator experiments).
We now have a theory which allows us to make predictions for
measurable quantities at arbitrary energy scales avoiding any
logarithmic divergences arising from loop corrections. This pow-
erful tool makes it possible to match theoretical predictions with
experimental results and make theoretical predictions of physics
at high energy scales. These predictions are interesting from the
cosmological point of view for models of cosmic inflation as well
as for the validity of the SM and the possibility of new physical
phenomena at scales >> electroweak scale.

3.2 EVOLUTION OF THE QUARK YUKAWA COUPLINGS

Eq. 3.1 is the general form of an up-like Yukawa coupling renor-
malization group equation at one loop [23]:

2 See [22] for a hands-on description of how to derive the § functions.
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where s = In(u/mz), i = (d, s, b) runs over all down-like quark
flavors and n runs over all quark flavors, including colors, as well
as all lepton flavors. The index u can be read as a placeholder
for any of the up-like quarks (u, c or t). g, is the up-like quark
Yukawa coupling, g, g’ and gqcp are the gauge couplings. Vi
is the uith element of the CKM matrix [9]. Accordingly, Eq. 3.2
is the RGE for a down-like quark Yukawa coupling gq, where
j = (u,c,t) runs over all up-like quark flavors and n runs over all
quark flavors, including colors, as well as all lepton flavors. The
index d can be read as a placeholder for any of the down-like
quarks (d,s or b).
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gq ds 29472 : gjVial® + ~ In

3 1
—5 (9% +97%)+ 59’2 — 895 (3.2)

To get the final form of the coupled differential equations for
the top, bottom, charm and strange quark Yukawa couplings, we
neglect the coupling of the up and down quark as well as the
lepton couplings. Judging from their masses, the T would be of
the same order of magnitude as the charm quark and the p of
the order of the strange quark. The assumptions to neglect these
couplings in the sum of Eqn. 3.1 and 3.2 will be justified by the
outcome of this analysis, as the couplings scale with the masses
of the corresponding particles. Eqn. 3.3 - 3.6 are the emerging
quark Yukawa coupling RGEs.
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Solving these equations also requires the knowledge of the three
gauge coupling RGEs for g, g’ and gqcp at one loop [24], Eqn. 3.7

- 3.9.
dg 19
lom?—= = ——¢3 .
L c9 (3.7)
dg’ 41
l6m?—2 = —g”3 8
s — ¢ (3.8)
om0 — 763, (9

Eq. 3.3 - 3.9 are simultaneously solved using a Runge-Kutta
method with adaptive step size. We explain this method in some
detail in Excerpt 3.2.1.

3.2.1  Excerpt: Runge-Kutta method

The problem of solving ordinary differential equations (ODEs)
is a common problem in many fields of science. Computer sci-
ence provides us with simple yet powerful algorithms to solve
these equations in approximative ways up to a desired accuracy.
Among these algorithms the Runge-Kutta method is probably the
most common one. If we are to solve a system of N coupled first
order differential equations for the functions yi,i=1,2,...,N in
the general form

dyi(x)
dx

=f{(%Y1,---, Yn) (3.10)



3.2 EVOLUTION OF THE QUARK YUKAWA COUPLINGS

where the functions f/ are the known derivatives of the y;’s, the
Runge-Kutta method [25] is an advancement of the Euler method.
The Euler method of solving ODEs is to evolve a solution from a
point x, to X1 = Xn + L through the interval L:

Yn+1 :yn+l—f,(xn/yn)- (3-11)

This clearly has the disadvantage of using the derivative at the
beginning of the interval to evolve the equation through the
whole interval. The Runge-Kutta method, however, advances
only to the midpoint of the interval, takes the derivative at that
point and uses this information for the evolution throughout the
whole interval:

L= Lf/(men)
1 1
L =Lf (xn + EL,yn + 211 ) (3.12)
Ynt1 =Yn+ 12 +0(L°)

The error term shows that this method is of second order. To
further advance this technique we go to the fourth order Runge-
Kutta method:

l] = I—f,(xn/ yﬂ)

1 1
L= Lf,(xn + *Lzyn + 1)

2 2
1 1
13 :Lf/(xn+§L/yn+212) (3.13)
ly = Lf' (xn + L, yn +13)
_ b b bl 5
Uni1 =Unt gty tg g +OL)

The accuracy of the fourth order method is generally higher than
the second order method. To further increase the accuracy of the
solution without largely increasing the computing time the size
of the interval can be changed adaptively. This is called adaptive
step size control. In every step the desired accuracy (this generally
means that the quantities described by the differential equations
are within their allowed errors) is compared to the accuracy of the
last step performed in the calculation. If the achieved accuracy
of the solution in the interval of the step size is worse that the
desired accuracy, the step will be repeated with smaller step
size. In case the achieved accuracy is better than the desired, the
next step will be performed with a larger step size. This way,
interesting or ‘wilder” intervals will get smaller step sizes and
therefore the same accuracy as intervals in which the differential
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equations behave more 'smooth” which means that larger step
sizes are sufficient.

In Fig. 12a the evolution of the quark Yukawa couplings is
shown up to the Planck scale in a linear-log scale, Fig. 12b shows
the same plot in log-log scale.

These plots were made using the quark masses listed in Table 3.

Quark | mass [GeV] £ error | Ratio to the top quark mass
Top 1713+£1.1+1.2 1

Bottom 4.2787 40.8£1.10

Charm 1277997 134.8 +9.87

Strange 0.10573932 1646.2 +521.90

Table 3: Quark masses and their errors from the 2009 PDG booklet
update [26], and their ratios in comparison to the top quark
mass.

Fig. 13 shows the ratio of the top quark Yukawa coupling to
the other quark Yukawa couplings on a log-log scale. The bottom
coupling is about a factor of 40 smaller than the top coupling,
the charm coupling more than a factor of 100 and the strange
coupling more than a factor of 1000, respectively. Comparing
these numbers to the ratios in Table 3, we clearly see that the
couplings scale with their masses to a good approximation.

These plots allow to back up the general assumption that com-
pared to the top quark Yukawa coupling the other quark Yukawa
couplings are negligible due to their low mass.

The running of the gauge couplings can equally be simulated
up to the Planck scale. Fig. 14 shows the evolution of g, g’ and
gocp- Around a scale of O(17)GeV the gauge couplings get very
close but do not unify. According to GUTSs, the couplings could
unify in a case where the SM is not an accurate theory up to
energies of the Planck scale. The next section will elaborate on
this topic.

3.3 VALIDITY OF THE STANDARD MODEL

The mass of the Higgs boson is a crucial parameter for the va-
lidity of the SM. There are two possible scenarios that limit the
Higgs sector of the SM from surviving up to the scale of the
reduced Planck mass (mp; = \/EJTT =243 x 10'8GeV, where G
is the gravitational constant). At this scale (maybe even earlier)
quantum gravity effects are believed to appear [27, 28]. In the
first scenario, for a large Higgs mass my > 170GeV, the RGEs
lead to a quartic Higgs self coupling that becomes too large to
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Evolution of the Quark Yukawa Couplings
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Figure 12: The evolution of the quark Yukawa couplings is shown over
the cutoff scale A (the electroweak scale is of O(1 02GeV), the
Planck scale of 9(10'?GeV).
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Ratio of the Top Quark Yukawa Coupling to the other Quark Yukawa Couplings
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Figure 13: Ratio of the top quark Yukawa coupling over the bottom,
charm and strange quark Yukawa couplings plotted over
the renormalization scale p (the electroweak scale is of
O0(102GeV), the Planck scale of O(10'?GeV).
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Figure 14: Evolution of the gauge couplings g, g’ and ggcp up to the
Planck scale of O(10'?GeV).
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be accurately described by perturbation theory. This is often de-
noted as the non-perturbative regime for the Higgs coupling A
occurring at some scale A < mp; yielding either a new kind of
non-perturbative physics at a scale ~ A or new physics at a scale
< A that keeps A from becoming divergent [29].

If, however, my is rather small (< 130GeV), the RGEs will cause
A to become negative for some Higgs field value A < mp;. In this
scenario the electroweak vacuum would only be a local minimum
and there would be an additional new minimum at a scale > A
which would be potentially dangerous as it would make the
vacuum become unstable (see also Sec. 3.3.2).

3.3.1 Calculating the Higgs mass bounds

In the SM conventions the renormalization group improved ef-
fective potential for the real Higgs field ¢ can be written in the
’t Hooft-Landau gauge and the MS renormalization scheme as

[30]:

V[H(S)/ 91(5)/ (P(Sﬂ = VO +V] +..., (314)

with g; running over all couplings. Vy and V7 denote the tree
level potential and the one-loop correction. They are given by

Vo = —m?(8)9%(s) + JAls)o*(s) + Oc (3.15)
. 2
Vi = ¥ giymilo) [log 0P ] (5.16)

where the sum goes over all Higgs dependent masses mi(¢) (W,
Z, Higgs and Goldstone bosons, fermions) having n; degrees of
freedom (with a negative value for fermions). c¢; denotes a factor
5/6 for gauge bosons and 3/2 for scalars and fermions. Q¢ is a
constant term for the cosmological constant which is of no further
interest in our calculations and will be neglected in the following.
A good approximation for the effective Higgs potential at highest
energies is, according to a paper from J. Ellis et al. [29],

V(p) = TR (3-.17)

with the argument that the effective Higgs potential V is scale
independent and therefore allows to fix the renormalization scale
u at will for different values of the Higgs field ¢. As we mainly
focus on large values of the field, it is justified to set p equal to .
Hereby, also the bilinear term becomes negligible. The running
quartic Higgs coupling A(¢@) absorbs the large logarithms and
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includes a one loop finite non logarithmic piece. For now, we will
follow the train of thought of the quoted paper presenting the
results leading to significant statements about the validity of the
SM. In Sec. 3.3.1.1, we will however present some criticism to the
approximations made.

The RGE for A [24] reads:

an - 27 9 9
20N 40 a4 7 2 2 2, 7 14
s s 49 +29 g 9Ag +4g
—36g7 +4M* —3g"*A+12g2A (3.18)

To calculate the perturbativity bound (where perturbation theory
for A starts to fail) we take a look at two conditions, App(A) =
7, 27t [31]. These two values correspond to a two loop correction
to the one loop B function of A of approximately 25% (where
the perturbative expansion is still meaningful) and a two loop
correction of about 50% [29], respectively, represented by the blue
(bold) upper lines in Fig. 15.

The stability bound, the region where the electroweak vacuum

becomes unstable, is marked by the shaded bands at the bottom
of Fig. 15. The SM potential of the Higgs field develops an addi-
tional deeper minimum at a scale A, higher than the electroweak
scale. This implies that A(j1) becomes negative at a certain scale
1 < A causing the possible instability of the potential.
In between the two scenarios the SM does survive up to highest
energy scales. In this region the SM would actually be valid up
to the Planck scale (O(10%7)). Sec. 3.3.2 lines out the possible
consequences.

However, of the possible Higgs masses that could lead to such
a survival scenario, there are already some excluded mass regions
from direct Higgs searches. The gray zones in Fig. 15 represent
the LEP exclusion from 2003 (Higgs mass excluded up to 114 GeV
at a 95% confidence level (CL)) and the Tevatron exclusion from
March 2009 (Higgs mass excluded between 160 and 170 GeV at
95% CL).

Fig. 16 illustrates the behavior of the quartic Higgs coupling
A for the different scenarios depending on the Higgs mass. Per-
turbation theory starts failing from a mass of 170 GeV upwards
where A becomes larger with increasing scale. Therefore it can
soon no longer be treated as a small parameter that can be de-
scribed by perturbation theory. If the Higgs mass is lower than
130 GeV A will soon become negative at a scale A < mp;. Only in
the region between the two scenarios outlined above, A remains
positive yet small and therefore the SM would remain to be a
valid theory up to mp;.
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Figure 15: This plot is taken from [29]. It shows at which scale A the
SM RGEs cause the quartic Higgs coupling A to become too
large to be described by perturbation theory and at which
scale the electroweak vacuum becomes unstable, depending
on the mass of the Higgs boson. The upper blue (bold)
lines represent the perturbativity bound for A = 7 (lower
line) and A = 27t (upper line). The vacuum stability bounds
are represented by the three bands at the bottom of the
plot. The green (light shaded) band represents the absolute
vacuum stability bound, the blue and red (medium and
dark shaded) bands represent the less restrictive finite and
zero temperature metastability bounds, respectively (not
discussed in this work). The gray covered bands represent
the LEP [32] and Tevatron [33] exclusions for the Higgs boson
mass.
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Evolution of the quartic Higgs coupling A
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Figure 16: The behavior of the quartic Higgs coupling A is illustrated
depending on different Higgs masses. For Higgs masses be-
tween 110 and 120 GeV A becomes negative at scales between
107 to 10'° GeV. In the region between 130 and 160 GeV A
remains positive and relatively small (so perturbation theory
still applies) up to the Planck scale ~ O(10'?). For Higgs
masses greater than 170 GeV A diverges and can no longer
be described by perturbation theory. The divergence starts at
lower scales in cases with a higher Higgs mass.
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3.3.1.1  Criticism

The approximation made earlier in Sec. 3.3.1 in reducing the
effective Higgs potential to its tree level component, see Eq. 3.17,
seems justified at first sight, following the above mentioned rea-
soning for high values of the potential. We, however, explicitly
calculate the ratio of the tree level component to the full potential
including the one loop correction to check the validity of the
assumption.

Vo

ratio = ,
Vo + Vi

(3-19)

where Vj and V7 are the tree level and one loop contributions to
the Higgs potential from Eq. 3.15 - 3.16.

Fig. 17 shows the result for scenarios using different Higgs
masses. Comparing this plot to Fig. 16 unveils that in cases
where the quartic Higgs coupling A is well behaving, i.e. does not
diverge or become negative, the assumption is justified since the
ratio of the tree level component to the full potential calculated at
one loop is around 9o to 100%. In the Higgs mass region where
A becomes negative at a certain scale A and the SM electroweak
vacuum might become unstable (my < 130 GeV), the ratio devel-
ops a singularity. In this case the calculation would have to be
conducted at higher order than tree level to be on the safe side.
Looking at cases of higher Higgs masses (> 170 GeV) in which
perturbation theory is no longer applicable to A, it shows that the
ratio drops to a plateau at around 50%. This indicates that the
assumption of neglecting the one loop correction to the potential
is not fully justified anymore.

3.3.2 Implications for cosmology and new physics beyond the SM

In general, we can divide the results of this section into three
regions for the Standard Model:

1. Vacuum stability bound, lower Higgs mass region
2. Survival region, medium Higgs mass region

3. Perturbative bound, higher Higgs mass region

For all three cases, one statement holds generally true. The
Standard Model is a highly successful theory at the electroweak
scale. Many measurements have proven its accuracy in describ-
ing and predicting particle physics processes with high precision
and its potential in predicting the existence of elementary and
composed particles. However, there are hints of new phenomena
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Ratio of the tree level potential to the full potential to one loop order
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Figure 17: Ratio of the tree level component of the effective Higgs

potential to the full potential including one loop corrections
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Vo1 v; - Scenarios for different Higgs masses are shown.

beyond the physics of the SM. It fails, for example in describ-
ing the origin of neutrino oscillation and neutrino masses. Also
cosmology gives us indications of physics that we are unable to
explain as of today. Within the SM there is no way of explaining
Dark Matter from the velocity dispersion of galaxies in the Coma
cluster in 1934, or Dark Energy to account for the missing mass
and energy in the Universe found only about ten years ago by
the means of Supernovae of high redshift being greater than
expected3.

The implications for new physics beyond the SM physics in the
tirst case were already briefly mentioned above. The minimum
of the effective Higgs potential at the electroweak scale (non zero
ground state of the vacuum) can become unstable against col-
lapse due to decay via quantum or thermal fluctuations into the
new deeper minimum at some higher scale A. The vacuum state
at the electroweak scale obviously has a lifetime > the age of the
universe tp ~ 13.73 4 0.12billion years [35] and new physics at a
scale < A could prevent the new minimum from even existing.

In the third region, perturbation theory fails as A becomes large
at a scale A. This could be understood with new non perturbative
physics at ~ A or new physics at some scale < A that prevents
the quartic Higgs coupling from becoming large.

3 See e.g. [34] for an introduction to topics like cosmology, Dark Matter and Dark
Energy.
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Region number two seems 'boring’ for the future of particle
physics since it does not imply any hint on new physics beyond
the Standard Model. From a cosmological point of view, however,
a Higgs mechanism surviving up to the Planck scale could back
up some interesting cosmological models of inflation.

3.3.3 Cosmological inflation

Explaining the origin and evolution of our Universe is not an
easy task. Starting from standard big bang cosmology, we end
up with several problems that cannot be explained satisfactorily
so far. From modern observation we assume the Universe to be
homogeneous, patches of the Universe that have not even been
in causal contact yet, show the same homogeneity and cosmic
background radiation. This can only be explained with a high
degree of fine tuning in case of a classical expansion which is
obviously not a very natural explanation.

Cosmological inflation explains the evolution of the very early
Universe as a change of state in a scalar field of a very flat po-
tential, called the inflaton field. The inflaton field is spatially
homogeneous and has a finite energy density. If the field changes
slowly enough towards lower energy densities it builds up nega-
tive pressure and acts similar to a cosmological constant, therefore
leading to an accelerated expansion of the Universe. If the field
is the dominant component in the Universe, the expansion will
go exponentially. After slowly rolling down the almost flat poten-
tial energy hill (inflation phase), the field reaches a steeper hill,
inflation ends and an effect called reheating occurs. Reheating
causes the large potential energy of the inflaton field to decay
into particles and fill the universe with radiation. Today’s observ-
able matter in the Universe origins from quantum fluctuations
at a time in the very early Universe before inflation occurred.
Thereby, inflation solves the homogeneity problem, as well as
the flatness problem and the absence of magnetic monopoles.
Modern measurements have proven the Universe to be flat to
high precision which then would be due to the fact that we only
see a very small patch of the Universe on which scale it would
naturally appear flat.

A similar argument holds true for the magnetic monopoles. From
theory, there is no explanation for why there are no magnetic
monopoles to observe on Earth or any hints in the observable
Universe. Inflation, however, would have caused the magnetic
monopoles present in the early Universe to be scattered far away
from each other during the slow roll inflation phase. Therefore,
we do not see any in the observable Universe. Further details on
inflationary models can be found in Refs. [36, 37, 38, 39, 40, 41].
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Finding a solid candidate for the inflaton field is one of the main
concerns of inflationary theories. A Standard Model Higgs field
could in principle be such a candidate if the SM remains valid
up to the scale at which inflation occurs (> Planck scale). The
observed amplitude of the initial perturbations in the early Uni-
verse, that caused the CMB radiation, require an extremely flat
potential for the inflaton field (slow roll). We can calculate the
criterion for A to satisfy the assumption of a slow roll potential
starting from the Hubble constant H = ¢ satisfying the equation

HZ
3 2¢

+V(ie)), (3.20)

where @ is the inflaton field satisfying the differential equation

P2 +3Hp +V,, =0. (3.21)

The metric is defined by ds? = —dt? + a?(t)dx2. Introducing the
criteria for slow roll,

$* < Vand [¢| < 3H|¢l, (3.22)

we are left with simplified equations

8nG
H? ~ TV((P)I (3-23)
3H ~ V. (3.24)

Assuming V to be a quartic potential (as |¢p| > 100 GeV here)

~ Z(P (3-25)

[87G /A

leading to a solution for the field

A

® = Qsre 67(%) (3-27)

where tp; = VG is the Planck time, ts, and ¢s, are the time
and field value when slow roll starts. For the slow roll regime of
inflation, ¢ is assumed to be almost constant @ = @

Therefore, the exponent of e has to be < 1 in order to allow
for an extended period of H ~ const.. From WMAP 7-year data

[35] it is possible to set an upper limit on H from an upper limit
H2

on the power spectrum of gravitational waves Py, ~ M From



3.3 VALIDITY OF THE STANDARD MODEL

this, we obtain the upper limit Htp; < 3- 107° (see [42] for the
principle of the calculation). The number of e-foldings* has to be
big enough to allow for the Universe to reach its current size. This
puts a lower limit on the number of e-foldings N > 50 if inflation
happens close to the Planck scale. Also, the time At =t — g,
from the start of the slow roll phase of inflation to today times the
Hubble rate has to be at least as big as the number of e-foldings,
N < HAt. Combining this information gives

At At
50 < N < HAt = Hipy— < 3.107—=—

.28
Pl tpL (3.28)

from which directly follows At < 10~ 7tpy. This will require the
quartic Higgs coupling A to be < 10~ '3 which would again be
an extreme fine tuning of the theory. If, however, the Higgs field
would couple non-minimally to gravity,

Lnonfminimal = (Zﬂ(bT(bR (329)

where ¢ is the Higgs field and R is the gravitational Ricci tensor,
this coupling would relax the requirement of the quartic Higgs
coupling to be small (see [43]). Therefore, this could provide
a very natural way of explaining inflation without introducing
new particles or fields [44], given that the SM survives as a valid
theory up to the inflationary scale and that the SM Higgs boson
itself exists in the appropriate mass range. Considering the fact
that new physics could alter the RGEs, this mass range could
be as large as 120 < my < 180 GeV, or to be more conservative
(judging from the SM results only) 130 < my < 160 GeV.

4 A time in which the Universe expands by a factor of e
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THE WH ANALYSIS

After understanding the importance of the Higgs boson not only
for the Standard Model of particle physics but also for theories of
cosmological inflation in Part I of this dissertation, we will now
approach the topic of directly searching for the Higgs boson in
proton antiproton collisions. As we have learned in Chapter 1,
the preferred mass range for the SM Higgs boson is at relatively
low mass < 135GeV. Today, there are two colliders capable of
exploring this mass range: the Tevatron based at Fermilab near
Chicago, USA and the Large Hadron Collider (LHC) at CERN
near Geneva, Switzerland. The Tevatron has been in operation
since 1988, and can reach the mass range interesting for Higgs
physics after the Runll upgrade in 2001. The LHC just recently
started its operation in 2009 and, even though operating at higher
collision energies, it will take some time to accumulate data and
match the higher design luminosity. Therefore, at the time this
work was performed, the Tevatron was the only place in the
world to conduct a direct search for the Higgs boson.

The analysis presented in this work is searching for Higgs
boson production in association with a W boson, which is the
channel with the highest production cross section times branch-
ing ratio yields in the low mass range (neglecting gluon-gluon
fusion due to its high backgrounds). The analysis is based on a
dataset of 5.3 fb~! of integrated luminosity. Previous searches on
the associated production of a W boson together with a Higgs
boson have been presented, the most recent one on a subset of
the data used in this analysis (5.0 fb~') using a Neural Network
multivariate technique to increase signal sensitivity [1]. The anal-
ysis presented here uses a Random Forest approach to increase
sensitivity even more. Thorough understanding of the detector is
crucial to understanding the underlying physics of this analysis.
Therefore, we will start by describing the framework in which
we perform physics analyses, namely the Tevatron accelerator
and the DO detector. We will then go into detail about the re-
construction of physics objects from data and the simulation of
physics processes in Monte Carlo simulations to be able to fully
understand and describe the physics measured in the detector. In
the final analysis chapter, we will then put the pieces together to
explain how we reconstruct the objects we are looking for, namely
the W boson and the Higgs boson to see whether we have an
excess of signal in our final analysis variables. To optimize sensi-
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tivity, we split the analysis in different subchannels throughout,
divided by final states and data taking periods. We separate into
an electron and a muon channel, corresponding to the decay of
the W boson into a lepton (electron, muon or tauon, decaying
subsequently in an electron or muon) and the corresponding
neutrino. We also divide into two and three jets originating from
the decaying Higgs boson, in two b quark jets with an additional
gluon jet in the three jet case, respectively. The different data
taking periods will be described in the following. We further
apply a procedure known as b tagging of the jets originating from
the hadronization of b quarks and finally apply a Random Forest
to the tagged samples.

We evaluate the output of every channel separately and assure
that we have good agreement between data and simulation. We
then combine the sensitivity of every subchannel in our final re-
sults which, in the absence of a signal, is a limit setting procedure
on the production cross section times branching ratio of the SM
Higgs boson in the WH channel.



EXPERIMENTAL APPARATUS

The dataset that we use in this analysis comes from mainly two
different data taking periods. The first sample corresponds to
data taken until summer 2006 when the Tevatron and both detec-
tor experiments were shut down for upgrading purposes. This
sample corresponds to an integrated luminosity of 1.04 (1.08)
fb~! for the electron (muon) subsample and is referred to as the
Runlla data sample.

The second sample corresponds to a data taking period between
June 2006 and June 2009, it is referred to as the Runllb data sam-
ple. It has an integrated luminosity of 4.28 (4.28) fb~'. The total
integrated luminosity of the combined data sample is 5.32 fb~!
and 5.36 fb~! for the electron and muon channel, respectively.
This dataset has passed certain criteria on the quality of the data
and has been cleaned of data taking periods in which data taking
was corrupted in the detector. The uncertainty on the measured
luminosity is 6.1% [45].

The two data samples are treated separately to properly account
for the changes in detector response due to important detector
and trigger upgrades. The main difference in treatment comes
from different samples of simulated events, often called Monte
Carlo (MC) samples, and different correction factors that are ap-
plied to these MC samples (see Sec. 6.4).

In this chapter, we will explain the details of the DO detector
hardware that delivers the data for our analysis. We will con-
tinue with a detailed description of the reconstruction of physics
objects from the detector information.

5.1 FERMILAB

Accelerating particles to high energies ~ O(TeV) and bringing
them to collision is the key tool of particle physics to study the
constituents of matter and their interactions as well as to search
for new particles yet to observe. At Fermilab, officially called
Fermi National Accelerator Laboratory (FNAL), located about 50
km west of Chicago in the United States of America, founded in
1967 as a particle physics laboratory, these collisions take place
between protons and antiprotons in the Tevatron collider. Fermi-
lab has been home to many discoveries of which the most famous
ones were the discovery of the bottom quark in 1977, the top
quark in 1995 and the neutrino of the third leptonic family, the t
neutrino in 2000.
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Figure 18: Schematic view of the accelerator chain leading to the 1.96
TeV beam inside the Tevatron [46].

The Tevatron started its work in 1988 as a proton antiproton col-
lider at a center of mass energy of 1.0 TeV (hence the name). Two
experiments are located along the accelerator ring, the Collider
Detector at Fermilab (CDF) and DY detector (named after its
location on the Tevatron ring), at points where the circulating
proton and antiproton beams are brought to collision. Since an
accelerator and detector upgrade in 2000 the Tevatron operates
at a center of mass energy of 1.96 TeV and has been the world’s
most powerful particle accelerator until the launch of the Large
Hadron Collider (LHC) at CERN in Geneva, Switzerland in 2009,
operating at 7 TeV. We will outline the accelerator chain in fol-
lowing section. We will then go into detail about the D& detector
and all its subsystems.

5.2 ACCELERATOR CHAIN

The well known Tevatron collider is only the last step in a chain
of accelerators creating the proton and antiproton beams and
bringing them to